Introduction {#S0001}
============

HIV-positive patients receiving combination antiretroviral therapy (cART) frequently experience metabolic complications such as dyslipidemia and insulin resistance, as well as lipodystrophy, increasing the risk of cardiovascular disease (CVD) and diabetes mellitus (DM) \[[@CIT0001],[@CIT0002]\]. Rates of DM and other glucose-associated disorders among HIV-positive patients have been reported to range between 2 and 14% \[[@CIT0003]--[@CIT0006]\]. In an ageing HIV-positive population who are also on cART, the prevalence of DM is expected to continue to increase. Risk factors for DM in the general population, such as older age, male sex, obesity, lowered high density lipoprotein cholesterol (HDL-C) and raised total cholesterol, have also been found to contribute to the risk of DM in the HIV-positive population \[[@CIT0007]--[@CIT0010]\]. Additional factors in HIV-positive patients include lipodystrophy and immunosuppression \[[@CIT0008],[@CIT0011]\], as well as antiretroviral therapy, though the role of antiretroviral therapy remains less clear. An increased risk of DM has been found to be associated with protease inhibitors (PIs) \[[@CIT0002],[@CIT0008],[@CIT0012],[@CIT0013]\] and individual nucleoside reverse transcriptase inhibitors (NRTIs), principally the thymidine analogues \[[@CIT0007],[@CIT0014]--[@CIT0017]\], while tenofovir, abacavir and nonnucleoiside reverse--transcriptase (NNRTIs) have not been associated with DM risk \[[@CIT0007],[@CIT0008],[@CIT0011],[@CIT0017]\]. The Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) study has shown a significant association between new onset DM and exposure to cART, an effect driven mainly by exposure to thymidine analogues \[[@CIT0007]\].

Models for predicting the risk of DM over a five- to ten-year period have previously been developed in the general population \[[@CIT0018]--[@CIT0020]\]. These models have included reasonably routinely available patient data such as age, sex, weight, glucose, blood pressure, HDL-C, triglycerides, parental diabetes and receipt of medications. A model based on more complex clinical markers did not predict more accurately than models based on more routine measurements \[[@CIT0019]\]. However, the ability of these DM prediction models to accurately predict the risk of DM in an HIV-positive population is not well known. Furthermore, as diagnosed HIV-positive patients are under routine clinical care, many of these DM risk factors are routinely collected on an ongoing (at least annual) basis \[[@CIT0021]\]; given that current treatment guidelines also recommend metabolic assessment at least annually \[[@CIT0021],[@CIT0022]\], intervention in this population may occur much earlier. In such instances, a model investigating the risk of DM over a shorter period of three to six months (i.e. over the average period between consecutive clinic visits) for patients under active follow-up would more accurately reflect the manner in which HIV-positive patients are followed than one predicting risk five to ten years into the future. A risk equation for CVD in HIV-positive patients, using similar short-term time-varying methodology, has recently been developed by our group \[[@CIT0023]\].

The objective of this current analysis is to develop a model to predict the risk of DM in HIV-positive populations over a short-term period (six months) and to compare this to existing models previously developed in the general population.

Methods {#S0002}
=======

The D:A:D study is a prospective, multi-cohort observational collaborative study, including 11 previously established cohorts following 33,308 patients at 212 clinics from Europe, Argentina, Australia and the United States. The primary objective of the D:A:D study is to investigate the possible association between cART and the risk of myocardial infarction (MI). The study methodology has been described in detail previously \[[@CIT0024]\]. Briefly, patients were under active follow-up at the individual cohorts at the time of enrolment into the D:A:D study and were included irrespective of whether or how long they were receiving antiretroviral treatment (ART). As part of their routine clinical care data were collected, which include demographic and other prospective patient characteristics such as age, sex, body mass index (BMI) (calculated based on height and weight), CVD, DM, family history of coronary heart disease (CHD), cigarette smoking, blood pressure therapy, DM therapy, lipid lowering and antihypertensive therapy and serum lipid levels (total cholesterol, HDL-C and triglycerides including information on whether values were fasting measures), as well as HIV-related core clinical data including ART medication received, CD4 cell count, viral load and all clinical AIDS diagnoses.

Definition of DM {#S0002-S20001}
----------------

DM is a protocol-defined D:A:D secondary endpoint, and all prospective documented cases were verified by the completion of a D:A:D event monitoring case report form. New onset diabetes was defined as either definite, if there was a documented fasting plasma glucose of≥7.0 mmol/L (126 mg/dL) measured on two or more consecutive occasions, or possible, if the patient was recorded as being diabetic with a reported date of onset, and was known to have initiated anti-diabetic therapy. Both definite and possible DM cases were analyzed.

Statistical methods {#S0002-S20002}
-------------------

The current analyses include all patients recruited to the D:A:D study with follow-up data, without prior DM, MI or other CVD events and with a complete DM risk factor profile. Baseline was defined as the first time point at or after inclusion to the D:A:D study when all DM risk factors were present. Restricting the dataset to patients with a complete risk factor profile allowed for the direct comparison of the D:A:D prediction model with the Framingham model (see "Assessing the performance of the risk equation" below). However, a further analysis was also performed including data on all D:A:D participants, with missing data coded using missing value categories, to assess whether the predictive accuracy of the models altered. Follow-up time was from baseline to the date of new onset DM, death, 1 February 2010 or six months after the patient\'s last clinic visit, whichever occurred first.

Poisson regression methods were used to determine the factors associated with the short-term (six month) risk of new onset DM in the complete dataset (the development dataset). The predictive model was fitted using time-updated covariates for all laboratory parameters. Although this approach is not generally used when developing prognostic risk equations, it was considered more appropriate in our study for two reasons. First, HIV-positive patients, particularly those on treatment, are routinely seen by their clinicians, at least three or six monthly intervals. Second, over the calendar period the D:A:D study covers, the management of DM and CVD has evolved and improved considerably. A short-term risk equation, therefore, is better placed to accommodate the changes in patient management that have occurred over this period.

Risk factors assessed included the conventional risk factors for DM such as age, sex, fasting and non-fasting glucose (a non-fasting glucose\>7.8mmol/L was considered as the equivalent to a fasting value of\>5.6 mmol/L) \[[@CIT0025]\], blood pressure (categorized as high: systolic≥130 or diastolic≥85; or receiving blood pressure lowering therapy, and low: systolic\<130 and diastolic\<85), HDL-C (low:\<1.034 mmol/L; median:≥1.034 to\<1.550; and high:≥1.550 mmol/L), LDL-C (low:\<2.584; median:≥2.584 to\<3.359; high:≥3.359 mmol/L), triglycerides (normal:\<1.693 mmol/L; borderline to high:≥1.693 to\<2.257mmol/L; high:≥2.257 to\<5.643; very high:≥5.643) (lipid cut-offs based on ATP III guidelines \[[@CIT0026]\]), BMI per kg/m^2^ and family history of CHD. As a possible alternative to triglycerides and HDL-C as individual measures, the triglyceride to HDL-C ratio was also assessed. However, to avoid over-fitting, only those variables with the best fit in univariate analyses, as determined by the log-likelihood ratio, were assessed in multivariate analyses. In this instance, triglycerides and HDL-C as individual measures performed better in univariate analyses compared with the triglyceride to HDL-C ratio.

In previous analyses smoking was associated with a reduced risk of DM \[[@CIT0007],[@CIT0027]\]. The mechanism for this is unclear, and so to ensure generalizability of results, smoking was not considered as a covariate in these analyses. Subsequent exploratory analyses including smoking did not improve predictions appreciably (data not shown).

The following HIV-related covariates were also assessed: mode of HIV exposure, duration since first HIV-positive test, prior AIDS-defining illness, CD4 cell count, HIV viral load, lipodystrophy and duration of exposure to cART and to each class of drugs. Individual ARTs were also assessed, but limited to those previously determined in the D:A:D study to be significantly predictive of DM (stavudine, zidovudine and didanosine) \[[@CIT0007]\]. Finally, hepatitis C (HCV) and B (HBV) status were also assessed as potential DM risk factors.

All variables were fitted as time-updated covariates (modelling time-updated variables allows for assessment of the short-term risk of new onset DM), while only sex and HIV exposure category were fixed. Lipid parameters, BMI and CD4 cell count were all assessed as continuous as well as categorical covariates; all, apart from BMI, fitted better as categorical rather than continuous. The independent predictors of new onset DM were determined using backward model selection methods. All covariates that were significant at *p*\<0.1 in univariate analyses were considered in the multivariate model, and only factors significant at *p*\<0.05 in the multivariate model were included in the final predictive model.

Assessing the performance of the risk equation {#S0002-S20003}
----------------------------------------------

The performance of the D:A:D risk equation was assessed using the internal-external cross-validation (IECV) method \[[@CIT0028]\]. Briefly, this approach fits the prognostic model using a leave-one-out cross-validation approach. If there are *k* cohorts, then the model is fitted on a *k*-1 pooled cohort. The performance of the model is then assessed on the cohort that was excluded \[[@CIT0029]\]. Of the 11 cohorts who participate in the D:A:D study, nine cohorts reported all the DM risk factors specified earlier and, therefore, were included in these analyses. Of the nine cohorts, five cohorts reported 20 or more events of DM and were excluded one at a time from the pooled cohort dataset. A further four cohorts each reported fewer than 20 events and were subsequently combined to create the final cohort to be excluded from the pooled dataset. In total, five pooled datasets were created, and the prognostic model was fitted to these datasets one at a time and subsequently assessed for performance on the excluded cohort. Performance was measured as area under the receiver operating characteristic (AUROC) curve, and a weighted average of the five AUROC\'s was then determined.

The discrimination and accuracy of the equation was also compared with the performance of the Framingham Offspring Study DM equation. We chose the simple clinical model (the model with obesity defined by BMI only) as several of the data for the more complex models are not routinely collected in D:A:D (such as two hour oral glucose tolerance test and fasting insulin levels). Expected eight-year probabilities were determined based on the Framingham algorithm and then converted to a prediction over the shorter D:A:D follow-up period using a linear model. While the Framingham equation might be expected to order patient risk accurately, it might well not be expected to predict the absolute risk accurately. This was previously demonstrated by D\'Agostino *et al*. 2001 \[[@CIT0030]\], showing the Framingham equation systematically over-estimating the risk of CHD, although the ordering of the risk was similar \[[@CIT0030]\]. The complete dataset was therefore used to recalibrate the Framingham equation, essentially by increasing the constant terms in the model so that the total number of DM events predicted in the training dataset was equal to the observed number. The Framingham model was also assessed using the aforementioned cross-validation approach, and a weighted average AUROC for this model was also determined.

The AUROC analysis was used to assess the discrimination of the D:A:D study and Framingham risk scores \[[@CIT0031]\], while the accuracy of the risk scores was assessed by comparing the observed versus the predicted number of events for specific subgroups (these were limited to covariates predictive of DM that are in both the D:A:D and Framingham algorithms). The D:A:D risk score was also used to estimate the proportions that were at low (\<1%), moderate (1 to 5%), high (5 to 10%) and very high risk (\>10%) for DM over a two- and five-year period. The absolute two- and five- year risk was calculated by applying the D:A:D DM risk equation to each individual from the start of their follow-up.

Results {#S0003}
=======

Of the 33,308 patients followed in the D:A:D study, 16,632 (50%) had a complete DM risk factor profile, with 376 cases of new onset DM during 89,469 PY; the median follow-up was 5.2 years (IQR: 3.0 to 8.1). The incidence of DM in this analyzed population was 4.2 per 1000 PY). Patient characteristics are summarized in [Table 1](#T0001){ref-type="table"}.

###### 

Patient characteristics at baseline

                                     No diabetes              Diabetes                 Total
  ---------------------------------- ------------------------ ------------------------ ------------------------
  No. of subjects                    16,256                   376                      16,632
  Median follow up (years)           5.3                      2.5                      5.2
  Time at risk (person-years)        88385.3                  1083.5                   89468.8
                                     Median (IQR)                                      
  Age (years)                        46.1 (40.9 to 52.4)      48.1 (41.8 to 55.5)      46.2 (40.9 to 52.5)
  Cumulative cART exposure (years)   2.8 (0.6 to 5.4)         2.9 (1.0 to 4.4)         2.8 (0.6 to 5.3)
  Cumulative PI exposure (years)     1.8 (0 to 3.8)           2.0 (0.1 to 3.7)         1.8 (0 to 3.8)
  CD4 count (cells/µL)               469 (310 to 665)         432 (271 to 665)         468 (308 to 665)
  HIV-RNA (copies/mL)                50 (50 to 2400)          50 (50 to 2240)          50 (50 to 2394)
  HDL-C (mmol/L)                     1.170 (0.940 to 1.460)   1.037 (0.852 to 1.296)   1.164 (0.931 to 1.457)
  Triglycerides (mmol/L)             1.569 (1.027 to 2.490)   2.418 (1.520 to 3.905)   1.580 (1.030 to 2.510)
  Trig:HDL-C ratio                   1.34 (0.78 to 2.45)      2.41 (1.33 to 4.43)      1.36 (0.78 to 2.49)
  Systolic blood pressure            120 (110 to 130)         130 (120 to 140)         120 (110 to 130)
  Diastolic blood pressure           80 (70 to 81)            80 (73 to 86)            80 (70 to 82)
  BMI (kg/m^2^)                      22.9 (20.9 to 25.2)      25.0 (22.8 to 27.9)      23.0 (20.9 to 25.3)
                                     Number (%)                                        
  Female                             27.3                     14.9                     4498 (27.0)
  Current cigarette smoker           51.6                     45.0                     8151 (51.5)
  Ex-smoker                          17.9                     17.1                     2834 (17.9)
  Transmission group                                                                   
   Heterosexual                      33.9                     35.1                     5647 (33.9)
   Homosexual                        40.9                     38.8                     6790 (40.8)
   Person who injects drugs          19.6                     19.7                     3261 (19.6)
   Other                             5.6                      6.4                      934 (5.6)
  Ethnicity                                                                            
   White                             60.6                     62.5                     10,089 (60.7)
   Non-white                         7.0                      6.6                      1157 (7.0)
   Other                             2.3                      1.3                      386 (2.3)
   Unknown                           30.1                     29.5                     5000 (30.1)
  Prior AIDS                         24.2                     29.0                     4036 (24.3)
  Hepatitis C positive               27.1                     24.9                     4156 (25.0)

The predictive model {#S0003-S20001}
--------------------

In initial univariate analyses, increased time since AIDS diagnosis and smoking were counter intuitively associated with a decreased risk of DM and were excluded from any further consideration. Triglycerides were also found to be much more predictive than the triglyceride:HDL ratio; hence, the ratio was also not considered further.

Factors that were identified as independently predictive of new onset DM included the following: glucose levels more than 5.6 mmol/L for fasting measures or more than 7.8 mmol/L for non-fasting measure (*p*\<0.001), increasing BMI (*p*\<0.001), high triglycerides (*p*\<0.001) and increasing age per five years (*p*\<0.001). Among the HIV covariates increasing CD4 category (*p*-trend=0.001) and lipodystrophy (*p*\<0.001) were also independently predictive of new onset DM ([Table 2](#T0002){ref-type="table"}). Male gender, increasing total cholesterol, lower HDL-C category, higher systolic or diastolic blood pressure or receiving blood pressure treatment, a prior AIDS diagnosis, any PI use and cumulative use of stavudine were significant in univariate analyses but did not remain significant in multivariate analyses.

###### 

Final predictive models in the complete dataset

                                                             Full model           Model without glucose                                            
  -------------------------------------------------- ------- ------------ ------- ----------------------- --------- ------ ------ ------ --------- ---------
  Age per five years                                 1.16    1.10         1.21    \<0.001                           1.19   1.13   1.25   \<0.001   
  Glucose category (mmol/L)                                                                                                                        
  Less than 7.8 (non-fasting)/5.6 (fasting)                                                                                                        
  Greater or equal 7.8 (non-fasting)/5.6 (fasting)   12.89   10.43        15.92   \<0.001                           --     --     --     --        
  Triglycerides (mmol/L)                                                                                                                           
   Normal (\<1.693)                                                                                                                                
   Borderline to high (≥1.693 to\<2.257)             1.87    1.34         2.60    \<0.001                 \<0.001   1.87   1.34   2.62   \<0.001   \<0.001
   High (≥2.257 to \<5.643)                          2.91    2.23         3.79    \<0.001                           2.88   2.19   3.79   \<0.001   
   Very High (\>5.643)                               5.91    4.23         8.27    \<0.001                           6.47   4.57   9.16   \<0.001   
  BMI (per kg/m^2^)                                  1.10    1.08         1.13    \<0.001                           1.13   1.10   1.15   \<0.001   
  CD4\<200 cells/µL                                                                                                                                
  CD4≥200 to\<350 cells/µL                           0.52    0.36         0.77    0.001                   \<0.001   0.49   0.33   0.72   \<0.001   \<0.001
  CD4≥350 cells/µL                                   0.51    0.37         0.69    \<0.001                           0.48   0.35   0.66   \<0.001   
  Lipodystrophy                                      1.27    1.02         1.56    0.029                                                            
   HDL-C (mmol/L)                                                                                                                                  
   Low (\<1.034)                                                                                                                                   
   Median (≥1.034 to\<1.550)                         --      --           --      --                                0.77   0.62   0.96   0.021     0.017
   High (\>1.550)                                    --      --           --      --                                0.73   0.51   1.03   0.071     
  High BP (SYS≥130 or DIA≥85, or on BP treatment)    --      --           --      --                                1.37   1.09   1.72   0.007     

*p* values reported for test of homogeneity in nominal covariates and test for trend for ordinal covariates. Patients with data no recorded were not included when testing trend. IRR, Incidence rate ratio.

Performance of the D:A:D and Framingham risk equations {#S0003-S20002}
------------------------------------------------------

From the IECV process, the D:A:D risk equation yielded a weighted average AUROC of 0.894 (95% CI:0.849, 0.940), while the recalibrated Framingham algorithm yielded a weighted average AUROC of 0.877 (95% CI: 0.823, 0.932).

Observed and predicted numbers of new onset DM events for the D:A:D and the recalibrated Framingham risk equations by key patient subgroups (factors common in both the Framingham and D:A:D risk equations) are summarized in [Table 3](#T0003){ref-type="table"}. The Framingham equation predicted 258.5 new onset DM events in the complete dataset and was recalibrated to predict the observed 376. As might be expected, the D:A:D equation fitted marginal subgroup totals better than the recalibrated Framingham equation. The Framingham algorithm over-predicted DM events compared to the D:A:D model for those with lower glucose (219 and 146 events, respectively, compared with the observed 141 events), lower triglycerides (116 and 87 events, respectively, versus an observed 84 events), and slightly lower for those with BMI levels between 26 and 29 (80 and 95 events compared with an observed 107 events) and BMI above 30 kg/m^2^ (52 and 60 events compared with an observed 60 events).

###### 

Observed versus predicted events

                                                            Predicted   
  --------------------------------------------------- ----- ----------- -------
  Glucose category                                                      
   Less than 7.8 (non-fasting)/5.6 (fasting)          141   146.4       219.1
   Greater or equal 7.8 (non-fasting /5.6 (fasting)   235   229.6       156.9
  Triglycerides (mmol/L)                                                
   Normal (\<1.693)                                   84    86.5        116.5
   Borderline to high (≥1.693 to\<2.257)              60    61.1        79.4
   High (≥5.257 to\<5.643)                            171   169.8       152.4
   Very High (\>5.643)                                61    58.5        27.7
  BMI (kg/m^2^)                                                         
   BMI\<18 (underweight)                              10    5.5         9.9
   BMI≥18 to\<26 (normal weight)                      199   217.8       234.4
   BMI≥26 to\<30 (overweight)                         107   93.1        80.0
   BMI\>30 (obese)                                    60    59.6        51.8

The absolute two- and five-year risk is shown in [Table 4](#T0004){ref-type="table"}. Two and six percent of the study population was estimated to be at high risk, and less than 1% and 4% at very high risk, of developing DM over two and five years, respectively. These proportions were considerably lower among females compared to males, and among younger (\<40 years) compared to older individuals.

###### 

DM two- and five-year risk stratification

                                        Low     Moderate   High   Very High
  ------------------------------------- ------- ---------- ------ -----------
  Two-year risk                                                   
   % of population                      79.13   17.78      2.25   0.84
   % of men                             75.78   20.40      2.80   1.02
   % of women                           88.17   10.72      0.76   0.36
   % of younger individuals (\<40 yr)   88.63   10.46      0.80   0.12
   % of older individuals (40+ yr)      70.76   24.23      3.53   1.48
  Five-year risk                                                  
   % of population                      54.37   35.25      6.13   4.25
   % of men                             48.13   39.54      7.21   5.12
   % of women                           71.19   23.68      3.22   1.91
   % of younger individuals (\<40 yr)   69.63   25.90      3.07   1.40
  \% of older individuals (40+ yr)      40.91   43.49      8.83   6.76

We also developed a DM prediction model excluding glucose, the key predictor in both the D:A:D and Framingham models, essentially to identify HIV-positive patients who might be at raised risk of DM and who subsequently should have a fasting glucose assessment to allow more accurate prediction. This model included many of the same covariates identified in the full model previously discussed, such as age, BMI, triglycerides and CD4 cell count. In addition, this model also included HDL-C and blood pressure. As with the model including glucose, male gender, increasing total cholesterol, prior AIDS diagnosis, any PI use and cumulative D4T use were not included in the final model. The mean weighted average AUROC for this model was 0.756 (95% CI: 0.737 to 0.775).

Finally, in the sensitivity analysis, where all D:A:D patients with missing data were included using missing data categories, the weighted average AUROC for the D:A:D equation was 0.847 (95% CI: 0.780 to 0.914).

Discussion {#S0004}
==========

We developed a short-term risk equation for the prediction of new onset DM in a cohort of HIV-positive individuals. Our risk equation included traditional DM risk factors age, impaired glucose, and triglycerides as well as HIV-related factors, HIV immunosuppression and the presence of lipodystrophy. To our knowledge, this is the first diabetes risk equation using routinely collected clinical data developed specifically for HIV-positive patients. This risk equation was found to be relatively robust with good discrimination when assessed by IECV methods and, as might be expected, was also shown to have better overall performance and discrimination to the Framingham risk equation.

Among the conventional risk factors, one notable exception in the D:A:D risk equation is male gender. Despite gender being identified as an independent predictor of new onset DM in a previous D:A:D analysis \[[@CIT0007]\], it is not included in the final D:A:D risk equation. The discrepancy between our current analyses and prior D:A:D findings may largely be explained by the smaller overall population included in this analysis, almost half of that in previous D:A:D study. Furthermore, the previous D:A:D analysis did not adjust for lipids. Data from the Swiss HIV Cohort Study (SHCS) also reported male gender as significant predictor of new onset DM, yet similar to the previous D:A:D analyses, it did not adjust for lipids \[[@CIT0032]\]. Both the D:A:D study and the SHCS reported risk ratio of 1.6 and 1.7, somewhat larger than our current analyses of 1.1.

Among the HIV-related factors previously reported to be significantly predictive of new onset DM not included in our final risk equation model is antiretroviral treatment. Cumulative stavudine and any PI use were significant in univariate analyses but dropped out of the final model. Several studies, including D:A:D previously, have reported significant increased risk of DM with ART use. Previously shown in the D:A:D study was an increased risk of DM with NRTI use, specifically stavudine, zidovudine and didanosine, and a decreased risk with ritonavir and nevirapine \[[@CIT0007]\]. However, data from the MACS cohort reported an increased risk of DM with ritonavir and saquinvar and a decreased risk with indinavir and nelfinavir \[[@CIT0012]\]. Given the ongoing debate and inconsistency in associations of ART use and DM onset across different populations, excluding ART treatment from a risk equation for HIV-positive patients may in fact improve the robustness of the equation and allows the current equation to be used into the future where patterns of ART use will continue to evolve.

Hepatitis C co-infection has also been shown in some studies \[[@CIT0012],[@CIT0033]\], but not all studies \[[@CIT0008]\], to be associated with DM. In our current analysis, we did not find HCV to be a predictor of new onset DM. Studies that have reported an association also report substantially greater incidence of DM. In the Multi-Centre AIDS Cohort Study (MACS), DM incidence ranged from 47 per 1000 PY for those receiving cART and 17 per 1000 PY in those not on cART \[[@CIT0012]\]. Rates in our study were much lower than MACS, 4.2 per 1000 PY similar to that reported in the SHCS, who also did not find an association between HCV and DM \[[@CIT0008]\].

Performance {#S0004-S20001}
-----------

The D:A:D risk equation performed marginally better than the Framingham equation, both overall, in terms of discriminating between key subgroups such as those defined by glucose, triglyceride levels and, to a lesser extent, BMI. Nevertheless, the recalibrated Framingham also performed well. The fact that the D:A:D analyses identified several of the same predictors as the Framingham model is reassuring, suggesting that key parameters, such as glucose and triglycerides, may be interpreted qualitatively similarly in HIV-positive populations as negative populations. However, we were unable to compare the D:A:D model with other established DM risk equations as the necessary data are not routinely collected in the D:A:D study \[[@CIT0018],[@CIT0020],[@CIT0034]\] -- thus, it remains uncertain how these models would perform in HIV-positive populations compared with either the Framingham or the D:A:D equation.

There are some limitations to our analyses. First, we included non-fasting as well as fasting glucose measures, although accepted cut-offs for non-fasting glucose measures were applied \[[@CIT0025]\]. Second, family history of CVD was used as a surrogate for family history of DM as this information is not available in the D:A:D study. Third, we do not have data on other factors previously identified as predictive of DM, including waist circumference. Race has also been associated with DM in both HIV and non-HIV studies \[[@CIT0007],[@CIT0018]\] and has been included in at least one DM risk model \[[@CIT0018]\]. We were unable to assess race in the present model as a substantial proportion of the events occurred in the unknown race category, as many of the collaborating cohorts do not routinely report race. Exclusion of race in the D:A:D model, however, makes our risk score more generalizable across HIV cohorts from various regions and ethnic backgrounds. Finally, in order to compare the D:A:D prediction model with the Framingham model, we included only patients who had data for all the pre-defined risk factors. Consequently, half of the D:A:D cohort were excluded from the main analyses. If these patients had differed considerably from the patients included in the analyses, the generalizability of the prediction equation may have been affected. However, the sensitivity analysis which included the entire D:A:D cohort yielded a very similar AUROC to the main analysis, demonstrating the robustness of the equation.

A key strength of our equation is that it predicts the short-term risk of DM, including variables that vary over time. First, this short-term nature reflects the way HIV-positive patients are managed, with regular clinic visits. Second, as early intervention is possible, changes in management fit better with this equation. Prediction of DM is also important in HIV-positive cohorts because, as well as being a notable condition in its own right, DM is also associated with the development of more serious outcomes, in particular CVD \[[@CIT0023],[@CIT0035]\].

Application {#S0004-S20002}
-----------

Prevention and management of DM is becoming increasingly important as HIV-positive people in the era of effective ART are living longer, and the prevalence of DM is expected to continue to increase. The D:A:D DM risk equation may be used in a clinical setting by doctors treating HIV-positive patients. The automatic calculation of the patient\'s short-term risk for DM would be beneficial in identifying more efficiently patients at risk of developing DM and subsequently other CVDs. Current guidelines recommend metabolic assessment among HIV patients when commencing ART, at time of switching therapy, and at three to six months after commencing or switching ART and once yearly during stable therapy \[[@CIT0021],[@CIT0022]\]. Assessment of the short-term risk of new onset DM, therefore, may also occur with very little additional inconvenience to the patient. The model without glucose may also be used to screen patients and identify those who are at very low risk of DM and therefore do not require more frequent screening for glucose. Both prediction models (with and without glucose) will be made publicly available on the D:A:D website (<http://www.cphiv.dk/>) and can be used for individual patients. While predictions are only a guide and should not be over interpreted, they do allow for patients at high risk to be identified, and appropriate interventions may then be applied. Calculating an individuals predicted risk is desribed in the appendix.
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*Participating physicians* (\*Site coordinating physicians): *Academisch Medisch Centrum bij de Universiteit van Amsterdam, Amsterdam*: J.M. Prins\*, T.W. Kuijpers, H.J. Scherpbier, K. Boer, J.T.M. van der Meer, F.W.M.N. Wit, M.H. Godfried, P. Reiss¤, T. van der Poll, F.J.B. Nellen, J.M.A. Lange, S.E. Geerlings, M. van Vugt, S.M.E. Vrouenraets, D. Pajkrt, M. van der Valk. *Academisch Ziekenhuis Maastricht, Maastricht*: G. Schreij\*, S. Lowe, A. Oude Lashof. *Catharina-ziekenhuis, Eindhoven*: M.J.H. Pronk\*, B. Bravenboer. *Erasmus Medisch Centrum, Rotterdam*: M.E. van der Ende\*, T.E.M.S. de Vries-Sluijs, C.A.M. Schurink, M. van der Feltz, J.L. Nouwen, L.B.S. Gelinck, A. Verbon, B.J.A. Rijnders, L. Slobbe. *Erasmus Medisch Centrum--Sophia, Rotterdam*: N.G. Hartwig, G.J.A. Driessen. *Flevoziekenhuis, Almere*: J. Branger\*. *HagaZiekenhuis, Den Haag*: R.H. Kauffmann\*, E.F. Schippers. *Isala Klinieken, Zwolle*: P.H.P. Groeneveld\*, M.A. Alleman, J.W. Bouwhuis. *Kennemer Gasthuis*: R.W. ten Kate\*, R. Soetekouw. *Leids Universitair Medisch Centrum, Leiden*: F.P. Kroon\*, P.J. van den Broek, J.T. van Dissel, S.M. Arend, C. van Nieuwkoop, M.G.J. de Boer, H. Jolink. *Maasstadziekenhuis, Rotterdam*: J.G. den Hollander\*, K. Pogany. *Medisch Centrum Alkmaar, Alkmaar*: G. van Twillert\*, W. Kortmann. *Medisch Centrum Haaglanden, Den Haag*: R. Vriesendorp\*, E.M.S. Leyten. *Medisch Spectrum Twente, Enschede*: C.H.H. ten Napel\*, G.J. Kootstra. *Onze Lieve Vrouwe Gasthuis, Amsterdam*: K. Brinkman\*, W.L. Blok, P.H.J. Frissen, W.E.M. Schouten, G.E.L. van den Berk. *Sint Elisabeth Ziekenhuis, Tilburg*: J.R. Juttmann\*, M.E.E. van Kasteren, A.E. Brouwer. *Sint Lucas Andreas Ziekenhuis, Amsterdam*: J. Veenstra\*, K.D. Lettinga. *Slotervaartziekenhuis, Amsterdam*: J.W. Mulder\*, E.C.M. van Gorp, P.M. Smit, S. Weijer. *Stichting Medisch Centrum Jan van Goyen, Amsterdam*: A. van Eeden\*, D.W.M. Verhagen\*. *Universitair Medisch Centrum Groningen, Groningen*: H.G. Sprenger\*, R. Doedens, E.H. Scholvinck, S. van Assen, C.J. Stek. *Universitair Medisch Centrum Sint Radboud, Nijmegen*: P.P. Koopmans\*, R. de Groot, M. Keuter, A.J.A.M. van der Ven, H.J.M. ter Hofstede, M. van der Flier, A.M. Brouwer, A.S.M. Dofferhoff. *Universitair Medisch Centrum Utrecht, Utrecht*: A.I.M. Hoepelman\*, T. Mudrikova, M.M.E. Schneider, C.A.J.J. Jaspers, P.M. Ellerbroek, E.J.G. Peters, L.J. Maarschalk-Ellerbroek, J.J. Oosterheert, J.E. Arends, M.W.M. Wassenberg, J.C.H. van der Hilst. *Vrije Universiteit Amsterdam, Amsterdam*: S.A. Danner\*, M.A. van Agtmael, J. de Vocht, R.M. Perenboom, F.A.P. Claessen, W.F.W. Bierman, E.V. de Jong, E.A. bij de Vaate. *Wilhelmina Kinderziekenhuis, Utrecht*: S.P.M. Geelen, T.F.W. Wolfs. *Ziekenhuis Rijnstate, Arnhem*: C. Richter\*, J.P. van der Berg, E.H. Gisolf. *Ziekenhuis Walcheren, Vlissingen*: M. van den Berge\*, A. Stegeman. *Medisch Centrum Leeuwarden, Leeuwarden*: D.P.F. van Houte\*, M.B. Polée, M.G.A. van Vonderen. *Sint Elisabeth Hospitaal, Willemstad-Curaçao*: C. Winkel, A.J. Duits.

*Aquitaine* (France):

*Scientific committee*: R. Salamon (chair), J. Beylot, M. Dupon, M. Le Bras, J.L. Pellegrin, J.M. Ragnaud;

*Central coordination*: F. Dabis¤, G. Chêne, H. Jacqmin-Gadda, R. Thiébaut, S. Lawson-Ayayi, V. Lavignolle, E. Balestre, M.J. Blaizeau, M. Decoin, A.M. Formaggio, S. Delveaux, S. Labarerre, B. Uwamaliya, E. Vimard, L. Merchadou, G. Palmer, D. Touchard, D. Dutoit, F. Pereira, B. Boulant;

*Participating physicians* (city): J. Beylot, P. Morlat, N. Bernard, M. Bonarek, F. Bonnet, B. Coadou, P. Gelie, D. Jaubert, C. Nouts, D. Lacoste, M. Dupon, H. Dutronc, G. Cipriano, S. Lafarie, I. Chossat, J.Y. Lacut, B. Leng, J.L. Pellegrin, P. Mercié, J.F. Viallard, I. Faure, P. Rispal, C. Cipriano, S. Tchamgoué, M. Le Bras, F. Djossou, D. Malvy, J.P. Pivetaud, J.M. Ragnaud, D. Chambon, C. De La Taille, T. Galperine, S. Lafarie, D. Neau, A. Ochoa, C. Beylot, M.S. Doutre, J.H. Bezian, J.F. Moreau, J.L. Taupin, C. Conri, J. Constans, P. Couzigou, L. Castera, H. Fleury, M.E. Lafon, B. Masquelier, I. Pellegrin, P. Trimoulet, F. Moreau, C. Mestre, C. Series, A. Taytard (Bordeaux).

*AHOD* (Australian HIV Observational Database, Australia):

*Central coordination*: M. Law¤, K. Petoumenos, H. McManus, S. Wright, C. Bendall (Sydney, New South Wales);

*Participating physicians* (city, state): R. Moore, S. Edwards, J. Hoy, K. Watson, N. Roth, J. Nicholson (Melbourne, Victoria); M Bloch, T. Franic, D. Baker, R. Vale, A. Carr, D. Cooper (Sydney, New South Wales); J. Chuah, M. Ngieng (Gold Coast, Queensland), D. Nolan, J. Skett (Perth, Western Australia).

*BASS* (Spain):

*Central coordination*: G. Calvo¤, F. Torres, S. Mateu (Barcelona);

*Participating physicians* (city): P. Domingo, M.A. Sambeat, J. Gatell, E. Del Cacho, J. Cadafalch, M. Fuster (Barcelona); C. Codina, G. Sirera, A. Vaqué (Badalona).

*The Brussels St Pierre Cohort* (Belgium): N. Clumeck, S. De Wit¤, M. Gerard, K. Kabeya, D. Konopnicki, A. Libois, M.C. Payen, Y. Van Laethem.

*CPCRA* (USA):

*Central coordination*: J. Neaton, G. Bartsch, W.M. El-Sadr¤, E. Krum, G. Thompson, D. Wentworth;

*Participating physicians* (city, state): R. Luskin-Hawk (Chicago, Illinois); E. Telzak (Bronx, New York); W.M. El-Sadr (Harlem, New York); D.I. Abrams (San Francisco, California); D. Cohn (Denver, Colorado); N. Markowitz (Detroit, Michigan); R. Arduino (Houston, Texas); D. Mushatt (New Orleans, Louisiana); G. Friedland (New Haven, Connecticut); G. Perez (Newark, New Jersey); E. Tedaldi (Philadelphia, Pennsylvania); E. Fisher (Richmond, Virginia); F. Gordin (Washington, DC); L.R. Crane (Detroit, Michigan); J. Sampson (Portland, Oregon); J. Baxter (Camden, New Jersey).

*EuroSIDA* (multinational):

*Central coordination*: O. Kirk¤, A. Mocroft\*, M. Ellefson, A.N. Phillips\*, J.D. Lundgren\#;

*Participating countries and physicians*: Argentina: (M Losso), C Elias. Austria: (N Vetter), (R Zangerle). Belarus: (I Karpov), A Vassilenko, VM Mitsura, O Suetnov. Belgium: (N Clumeck) S De Wit¤, B Poll, R Colebunders; (L Vandekerckhove). Bosnia: (V Hadziosmanovic). Bulgaria: (K Kostov). Croatia: (J Begovac). Czech Republic: (L Machala) H Rozsypal, D Sedlacek. Denmark: (J Nielsen) G Kronborg, T Benfield, M Larsen, J Gerstoft, T Katzenstein, A-B E Hansen, P Skinhøj, C Pedersen, L Oestergaard. Estonia: (K Zilmer), Jelena Smidt. Finland: (M Ristola). France: (C Katlama), J-P Viard, P-M Girard, JM Livrozet, P Vanhems, C Pradier, F Dabis, D Neau. Germany: (J Rockstroh), R Schmidt, J van Lunzen, O Degen, HJ Stellbrink, S Staszewski, J Bogner, G. Fätkenheuer. Greece: (J Kosmidis) P Gargalianos, G Xylomenos, J Perdios, G Panos, A Filandras, E Karabatsaki, H Sambatakou. Hungary: (D Banhegyi). Ireland: (F Mulcahy). Israel: (I Yust) D Turner, M Burke, S Pollack, G Hassoun, S Maayan. Italy: (A Chiesi), R Esposito, I Mazeu, C Mussini, C Arici, Ospedale Riuniti, Bergamo, R Pristera, F Mazzotta, A Gabbuti, V Vullo, M Lichtner, A Chirianni, E Montesarchio, M Gargiulo, G Antonucci, A Testa, P Narciso, C Vlassi, M Zaccarelli, A Lazzarin, R Finazzi, M Galli, A Ridolfo, A d\'Arminio Monforte¤. Latvia: (B Rozentale) P Aldins. Lithuania: (S Chaplinskas). Luxembourg: (R Hemmer), T Staub. Netherlands: (P Reiss¤). Norway: (J Bruun) A Maeland, V Ormaasen. Poland: (B Knysz) J Gasiorowski, A Horban, E Bakowska, D Prokopowicz, R Flisiak, A Boron-Kaczmarska, M Pynka, M Beniowski, E Mularska, Chorzow; H Trocha, (E Jablonowska) E Malolepsza, K Wojcik. Portugal: (F Antunes) E Valadas, K Mansinho, F Maltez. Romania: (D Duiculescu). Russia: (A Rakhmanova), E Vinogradova, S Buzunova. Serbia: (D Jevtovic). Slovakia: (M Mokráš) D Staneková. Slovenia: (J Tomazic). Spain: (J González-Lahoz) V Soriano, L Martin-Carbonero, P Labarga, (S Moreno), B Clotet, A Jou, R Paredes, C Tural, J Puig, I Bravo, JM Gatell, JM Miró, P Domingo, M Gutierrez, G Mateo, MA Sambeat. Sweden: (A Karlsson), PO Persson, L Flamholc. Switzerland: (B Ledergerber) R Weber¤, P Francioli, M Cavassini, B Hirschel, E Boffi, H Furrer, M Battegay, L Elzi. Ukraine: (E Kravchenko) N Chentsova, (G Kutsyna), (S Servitskiy), (S Antoniak), (M Krasnov). United Kingdom: (S Barton), AM Johnson, D Mercey, A Phillips¤, MA Johnson, A Mocroft, M Murphy, J Weber, G Scullard, M Fisher, C Leen.

*HivBivus* (Sweden):

*Central coordination*: L. Morfeldt¤, G. Thulin, A. Sundström;

*Participating physicians (city)*: B. Åkerlund (Huddinge); K. Koppel, A. Karlsson (Stockholm); L. Flamholc, C. Håkangård (Malmö).

*The ICONA Foundation* (Italy):

*Governing Body*: M. Moroni (Chair), A. Antinori, G. Carosi, R. Cauda, F. Chiodo, A. d\'Arminio Monforte¤, G Di Perri, M Galli, F. Ghinelli, R Iardino, G. Ippolito, A. Lazzarin, F. Mazzotta, R. Panebianco, G. Pastore, C.F. Perno;

*Scientific Secretary*: A. d\'Arminio Monforte;

*Steering Committee*: A. Ammassari, A. Antinori, C. Balotta, P. Bonfanti, M.R. Capobianchi, A. Castagna, F. Ceccherini-Silberstein, A. Cozzi-Lepri, A. d\'Arminio Monforte, A. De Luca, C. Gervasoni, E. Girardi, S. Lo Caputo, F Maggiolo, R. Murri, C. Mussini, M. Puoti, C. Torti;

*Statistical and monitoring team*: A Cozzi-Lepri, I Fanti, T Formenti;

*Participating physicians and centres*: M. Montroni, A. Giacometti, A Costantini, A. Riva (Ancona); U. Tirelli, F. Martellotta (Aviano-PN); G. Pastore, N. Ladisa, (Bari); F. Suter, F. Maggiolo (Bergamo); F. Chiodo, G. Verucchi, C. Fiorini (Bologna); G. Carosi, G. Cristini, C. Torti, C. Minardi, D. Bertelli (Brescia); T. Quirino, C Abeli (Busto Arsizio); P.E. Manconi, P. Piano (Cagliari); J Vecchiet, M. Farenga (Chieti); G Carnevale, S Lorenzotti (Cremona); F. Ghinelli, L. Sighinolfi (Ferrara); F. Leoncini, F. Mazzotta, M. Pozzi, S. Lo Caputo (Firenze); G. Pagano, G. Cassola, G Viscoli, A. Alessandrini, R. Piscopo, G Mazzarello (Genova); F. Soscia, L. Tacconi (Latina); A. Orani, R. Rossotto (Lecco); D Tommasi, P Congedo (Lecce); A. Chiodera, P. Castelli (Macerata); M Galli, A. Lazzarin, G. Rizzardini, I Schlacht, A. d\'Arminio Monforte, AL Ridolfo, A Foschi, A Castagna, S Salpietro, S. Merli, S. Melzi, M.C. Moioli, P Cicconi, T Formenti (Milano); R. Esposito, C. Mussini (Modena); A Gori (Monza), N. Abrescia, A. Chirianni, CM Izzo, M. De Marco, R. Viglietti, E Manzillo (Napoli); C. Ferrari, P. Pizzaferri (Parma); F Baldelli, G Camanni (Perugia); G. Magnani, M.A. Ursitti (Reggio Emilia); M. Arlotti, P. Ortolani (Rimini); R. Cauda, M Andreoni, A. Antinori, G. Antonucci, P. Narciso, V Tozzi, V. Vullo, A. De Luca, M. Zaccarelli, R. Acinapura, P. De Longis, M.P. Trotta, M. Lichtner, F. Carletti, (Roma); M.S. Mura, G Madeddu (Sassari); P. Caramello, G. Di Perri, G.C. Orofino, (Torino); E. Raise, F. Ebo (Venezia); G. Pellizzer, D. Buonfrate (Vicenza).

*Nice HIV Cohort* (France):

*Central coordination*: C. Pradier¤, E. Fontas, C. Caissotti;

*Participating physicians*: P. Dellamonica, L. Bentz, E. Bernard, E. Cua, F. De Salvador-Guillouet, J. Durant, R. Farhad, S. Ferrando, V. Mondain-Miton, I. Perbost, B. Prouvost-Keller, P. Pugliese, V. Rahelinirina, P.M. Roger, M. Vassallo;

*Clinical research assistant*: K. Dollet.

*SHCS* (Swiss HIV Cohort Study, Switzerland): Barth J, Battegay M, Bernasconi E, Böni J, Bucher HC, Burton-Jeangros C, Calmy A, Cavassini M, Cellerai C, Dubs R, Egger M, Elzi L, Fehr J, Flepp M, Francioli P (President of the SHCS), Furrer H, Fux CA, Gorgievski M, Günthard H, Hasse B, Hirsch HH, Hirschel B, Hösli I, Kahlert C, Kaiser L, Keiser O, Kind C, Klimkait T, Kovari H, Ledergerber B, Martinetti G, Martinez de Tejada B, Müller N, Nadal D, Pantaleo G, Rauch A, Regenass S, Rickenbach M, Rudin C, Schmid P, Schultze D, Schöni-Affolter F, Schüpbach J, Speck R, Taffé P, Telenti A, Trkola A, Vernazza P, von Wyl V, Weber R¤, Yerly S.
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The risk of DM is estimated as:

1 -- exp ^(−H\**t*)^; where $$\text{H} = \text{ex}\text{p}^{\text{β}_{\text{0}} + \text{β}_{\text{1}}\text{x}_{\text{1}} + \text{β}_{\text{2}}\text{x}_{\text{2}} + \text{β}_{\text{3}}\text{x}_{\text{3}} + \text{β}_{\text{4}}\text{x}_{\text{4}} + \text{β}_{\text{5}}\text{x}_{\text{5}} + \text{β}_{\text{6}}\text{x}_{\text{6}} + \text{β}_{\text{7}}\text{x}_{\text{7}} + \text{β}_{\text{8}}\text{x}_{\text{8}} + \text{β}_{\text{9}}\text{x}_{\text{9}}}$$

β~0~=−10.176

β~1~x~1~=0.144 per 5 years of age (e.g. if age=40 then β~1~x~1~=((40/5)\*0.144)

β~2~x~2~=2.556 (x~2~=1 if glucose \>7.8 non-fasting/5.6 fasting, x~2~=0 if not)

β~3~x~3~=0.623 (x~3~=1 if TRIG≥1.693 to\<2.257 mmol/L, x~3~=0 if not)

β~4~x~4~=1.069 (x~4~=1 if TRIG≥2.257 to\<5.643 mmol/L, x~4~=0 if not)

β~5~x~5~=1.777 (x~5~=1 if TRIG\>5.643 mmol/L, x~5~=0 if not)

β~6~x~6~=0.098 per unit increase of BMI (e.g. if BMI=25 then β~6~x~6~=(25\*0.165)

β~7~x~7~=−0.646 (x~7~=1 if CD≥4200 to \<350 cells/µL, x~7~=0 if not)

β~8~x~8~=−0.677 (x~8~=1 if CD4≥350 cells/µL, x~8~=0 if not)

β~9~x~9~=0.236 (x~9~=1 if lipodystrophy present, x~9~=0 if not)

Data in the D:A:D study are set up in monthly time units (0.085 years); the above equation therefore produces a monthly probability of developing DM. A reasonably good approximation for calculating the estimated probability of DM over longer time periods, *t*, is to multiply "H" by *t* years, and use age+*t*/2 in the equation. More exact computation will be available through a calculator on the D:A:D website (<http://www.cphiv.dk/>).

**Worked example:**

Consider an individual is male, 48.7 years of age, has fasting glucose of \>5.6 mmol/L, BMI of 27.5, triglyceride measure of 2.65 mmol/L, CD4 cell count of 550 cell/µl, and with lipodystrophy

To calculate the six month estimated risk of DM, we first calculate:

β~1~x~1~=calculated as 0.144\*((48.7+0.25)/5), β~2~x~2~=2.556,

β~3~x~3~=0, β~4~x~4~=1.069, β~5~x~5~=0, β~6~x~6~=0.098\*27.5, β~7~x~7~=0,

β~8~x~8~=−0.677, β~9~x~9~=0.236.

Then H\**t*=0.5\*0.0556=0.0278

Therefore, the converted six month hazard (i.e. six month risk of DM)=2.74 per 1000 PY.
